Introduction {#s1}
============

Nintedanib (international non-proprietary name), formerly known by its development code BIBF 1120, is a small molecule that was originally designed as an ATP-competitive inhibitor of fibroblast growth factor receptor (FGFR)-1 and vascular endothelial growth factor receptor (VEGFR)-2. Both these receptors are pro-angiogenic receptor tyrosine kinases and nintedanib was designed as an anti-angiogenic drug for cancer indications. The clinical development of nintedanib for cancer indications, including nonsmall cell lung cancer, colorectal cancer and ovarian cancer, is ongoing. As nintedanib is also an inhibitor of platelet-derived growth factor receptor (PDGFR)-α and β, it was selected for development as a potential treatment for idiopathic pulmonary fibrosis (IPF). The fact that the pathobiology of IPF shows several striking similarities and links to cancer biology (reviewed in \[[@C1]\]) also supports the rationale for the exploration of nintedanib in IPF. In the two replicate phase III INPULSIS® studies \[[@C2]\], nintedanib was shown to slow disease progression in patients with IPF by reducing the annual rate of decline in forced vital capacity (FVC) \[[@C3]\]. This review summarises the current understanding of the mode of action of nintedanib in fibrotic lung diseases like IPF. The roles of the main target receptor tyrosine kinases of nintedanib in IPF are explained. *In vitro* experiments with primary lung fibroblasts from patients with IPF and from control donors, and *in vivo* studies in animal models of lung fibrosis, are summarised. Taken together, these studies demonstrate the potent anti-fibrotic and anti-inflammatory activities of nintedanib. These features may explain the slowing of disease progression demonstrated in patients with IPF treated with nintedanib.

Idiopathic pulmonary fibrosis {#s2}
=============================

IPF is a devastating and disabling progressive lung disease associated with a median survival of only 2--3 years after diagnosis \[[@C4]\]. IPF is the most common form of the idiopathic interstitial pneumonias \[[@C5]\], with an incidence ranging between 0.22 and 17.4 per 100 000 population depending on the case definition, the region and the methodology used \[[@C6]\]. IPF usually presents in the sixth or seventh decade of life and occurs more frequently in men than in women \[[@C4], [@C7]\]. In international guidelines for the management of IPF, published in 2011 \[[@C4]\], the treatment options that were strongly recommended were limited to oxygen supplementation and lung transplantation. Despite high medical need, these guidelines did not recommend any specific pharmacological therapy for the chronic treatment of IPF \[[@C4]\]. Pirfenidone was introduced to the market for the treatment of IPF in Japan in 2008 and, based on the results of two phase III clinical trials (CAPACITY-1 and 2) \[[@C8]\], was later launched in several countries and regions including Europe, Canada, South Korea, China, India, Mexico and Argentina. An additional phase III study (ASCEND) was requested to support its regulatory registration in the USA and the positive results of this trial have recently been published \[[@C9]\]. With the publication of the phase III clinical results on the efficacy and safety of nintedanib in IPF (INPULSIS®-1 and INPULSIS®-2) \[[@C3]\] and the recent approval of both pirfenidone and nintedanib for the treatment of IPF by the US Food and Drug Administration, physicians will soon have a choice of treatments for IPF after more than a decade of disappointment and failed clinical trials.

The pathology of IPF is characterised by repetitive microscopic alveolar epithelial cell injury and dysregulated repair, fibrosis and excessive deposition of extracellular matrix (ECM), resulting in loss of parenchymal architecture and lung function \[[@C10], [@C11]\]. The disease-inducing insult is unknown, but smoking, environmental and occupational exposures, viral infections, gastric acid reflux and genetic predisposition have been reported as risk factors for IPF \[[@C4], [@C7], [@C12], [@C13]\]. In IPF, fibroblasts exhibit unregulated proliferation and differentiate into myofibroblasts, which excessively produce ECM components. Myofibroblasts accumulated in clusters (fibroblastic foci) are considered the hallmark cells in the development of lung fibrosis \[[@C14]\]. The origin of myofibroblasts in pulmonary fibrosis is still controversial \[[@C15]\]. The pool in the fibrotic lung may be replenished through various mechanisms, including epithelial--mesenchymal transition (EMT) \[[@C16]\], fibrocyte recruitment \[[@C17]\], pericyte transdifferentiation \[[@C18]\], pleural mesothelial cells \[[@C19]\] or expansion of the local fibroblast population \[[@C20]\]. Apoptosis of the fibrotic cell pool in the lungs of patients with IPF is impaired and with it, the re-epithelialisation and restoration of the normal lung architecture \[[@C21]\].

The microcirculation in the lungs of patients with IPF is substantially altered. Not surprisingly for a disease characterised by patchy fibrosis close to normal lung parenchyma, these microvascular abnormalities are heterogeneous. Published reports from both human and experimental lung fibrosis indicate that fibrotic areas have fewer blood vessels, whereas adjacent non-fibrotic tissue is highly vascularised \[[@C22]--[@C25]\]. It remains to be clarified whether the increased capillary density in the least fibrotic regions is a compensatory response or whether neovascularisation plays a key role in the dysregulated matrix remodelling in IPF \[[@C26]\].

A multitude of profibrotic mediators, including interleukin (IL)-1β, tumour necrosis factor-α, connective tissue growth factor (CTGF), transforming growth factor (TGF)-β, IL-13, platelet-derived growth factor (PDGF) and fibroblast growth factor (FGF), and their signalling cascades are believed to play an important role in the pathogenesis of fibrotic lung diseases \[[@C27]--[@C29]\]. For example, IL-13 is a potent stimulator of fibroblast proliferation and ECM synthesis; it induces profibrotic cytokines, including TGF-β, PDGF and CTGF, and ECM components including collagen 1 and fibronectin \[[@C30]\]. TGF-β1 has multiple functions: it promotes chemotaxis and proliferation of fibroblasts, differentiation of fibroblasts into myofibroblasts and EMT, and it protects myofibroblasts from apoptosis \[[@C30]\]. TGF-β promotes the production of a range of profibrotic cytokines and tissue inhibitors of metalloproteinases (TIMPs) and inhibits matrix-degrading proteases \[[@C30]\]. The following sections will focus on the growth factors and growth factor receptors that are implicated in proliferation, migration and transdifferentiation of the fibroblast and myofibroblast pool in fibrotic lesions in IPF, and that represent targets for nintedanib.

PDGF/PDGFR signalling in pulmonary fibrosis {#s3}
===========================================

PDGF comprises a family of dimeric proteins made up of four polypeptide chains: A, B, C and D. These dimeric ligands interact with homodimers or heterodimers of PDGFR-α and β. The extracellular region of the receptor consists of five immunoglobulin-like domains while the intracellular part is a tyrosine kinase domain. Ligand binding leads to autophosphorylation of the receptors and subsequent downstream signalling *via* Ras, Raf, mitogen-activated protein kinase kinase (MEK), extracellular signal-regulated kinase (ERK) and phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) ([fig. 1](#F1){ref-type="fig"}) \[[@C28]\]. PDGF is a potent mitogen for fibroblasts \[[@C31]\] and appears to play an essential role in the expansion of myofibroblasts by stimulating proliferation, migration and survival \[[@C28]\]. When too active or too numerous, myofibroblasts deposit excessive connective tissue products in the interstitial space. The result is a distorted alveolar architecture with compromised gas exchange \[[@C4], [@C32]\]. In the human lung, PDGF is produced mainly by alveolar macrophages and epithelial cells \[[@C28], [@C33]\]. Evaluation of alveolar macrophages from the lungs of patients with IPF demonstrated that these cells spontaneously release four times more PDGF than alveolar macrophages from control donors \[[@C34]\]. FIGURE 1Polypharmacology of nintedanib and the downstream signalling pathways. Nintedanib binds to the intracellular ATP binding pocket of fibroblast growth factor receptors (FGFRs), platelet-derived growth factor receptors (PDGFRs) and vascular endothelial growth factor receptors (VEGFRs) resulting in blockage of the autophosphorylation of these receptors and the downstream signalling cascades. Nintedanib might exert additional activity by directly blocking non-receptor kinases like Src and Lck (not illustrated). Nintedanib was shown to inhibit PDGFR phosphorylation and subsequent protein kinase B (Akt) and extracellular signal-regulated kinase (ERK)1/2 phosphorylation in lung tissue from mice. Vascular endothelial growth factor (VEGF) was shown to stimulate angiogenesis *via* the VEGFR, but also to bind to the PDGFR on fibroblasts, stimulating proliferation. Inhibition by nintedanib ultimately results in reduced proliferation, migration and survival of fibroblasts and, potentially, also to attenuated angiogenesis in the lung. FAK: focal adhesion kinase; FGF: fibroblast growth factor; FRS2: FGFR substrate 2; Grb2: growth factor receptor-bound protein 2; MEK1/2: mitogen-activated protein kinase kinase 1/2; PDGF: platelet-derived growth factor; PI3K: phosphatidylinositol-4,5-bisphosphate 3-kinase; PIP2/3: phosphatidylinositol-2/3-phosphate; PKC: protein kinase C; PLC-γ: phospholipase C-γ; SOS: son of sevenless, a guanine nucleotide exchange factor that acts on the Ras GTPases.

Animal models of lung injury with subsequent fibrosis have been invaluable in defining a role for PDGF in the progression of fibrosis. PDGFR-specific tyrosine kinase inhibitors reduce radiation-induced lung fibrosis in mice \[[@C35], [@C36]\], and vanadium pentoxide-induced pulmonary fibrosis in rats \[[@C37]\]. Imatinib, a PDGFR and c-Abl inhibitor, was shown to reduce bleomycin-induced lung fibrosis in mice \[[@C38], [@C39]\], and asbestos-induced interstitial pneumonia in mice \[[@C40]\]. However, in a phase II clinical trial in patients with IPF and mild-to-moderate impairment of lung function treated with imatinib or placebo for 96 weeks, imatinib did not affect survival or lung function \[[@C41]\]. Only a transient improvement in oxygenation was shown at week 48 \[[@C41]\]. These clinical results suggest that although PDGFR inhibition consistently reduces pulmonary fibrosis in animal models, PDGFR inhibition alone may not suffice to treat IPF.

FGF/FGFR signalling in pulmonary fibrosis {#s4}
=========================================

In humans, the FGF family has 22 structurally related family members. The most important ligands in the FGF family are FGF-1 and 2. FGFs interact with heparan sulfate glycosaminoglycans, and 18 out of the 22 known FGFs bind to the extracellular domains of FGFRs thereby inducing receptor activation \[[@C42]\]. The FGFR family has four members: FGFR-1, 2, 3 and 4. Each receptor consists of three extracellular immunoglobulin-type domains (D1--D3), a single-span trans­membrane domain and an intracellular split tyrosine kinase domain \[[@C43]\]. FGFs and FGFRs regulate important cellular functions, such as cell proliferation, differentiation, migration and survival \[[@C44]\]. Once FGFRs recognise their FGF ligands, they undergo dimerisation followed by autophosphorylation and acti­vation of downstream signalling *via* fibroblast growth factor receptor substrate 2, PI3K/protein kinase B (Akt), ERK1/2 and Ras/Raf/mitogen-activated protein kinase (MAPK) pathways that are central to growth and cell survival ([fig. 1](#F1){ref-type="fig"}) \[[@C45]\].

FGF-2 is a potent mitogen for fibroblasts \[[@C46]\], airway smooth muscle cells \[[@C47]\] and type II alveolar epithelial cells \[[@C48]\]. FGF-2 induces collagen synthesis in lung fibroblasts \[[@C46]\] and myofibroblasts \[[@C49]\]. Alveolar macrophages, fibroblasts, T-lymphocytes and endothelial cells are capable of producing FGF-2 \[[@C50]--[@C52]\]. However, in patients with IPF, mast cells seem to be the major source of FGF-2 \[[@C49]\]. Enhanced FGF-2 levels, as well as increased expression of FGFR-1 on epithelial, endothelial and smooth muscle cells/myofibroblast-like cells, and increased expression of FGFR-2 on interstitial cells, were detected in the lungs of patients with IPF \[[@C49], [@C53]\]. FGF-9 protein was increased in regions of active cellular hyperplasia, metaplasia and fibrotic expansion \[[@C54]\]. FGF-1 and FGF-10 might also have anti-fibrotic effects in the lung. Findings in human lung fibroblasts suggest that FGF-1 can reduce fibroblast growth rate, induce apoptosis of fibroblasts and inhibit differentiation into myofibroblasts \[[@C55]\]. FGF-10 has been shown to promote alveolar epithelial cell repair \[[@C56]\] and overexpression of FGF-10 attenuated bleomycin-induced pulmonary fibrosis in mice \[[@C57]\].

TGF-β is a regulator of the FGF/FGFR signalling cascade, demonstrating the complex interactions among many growth factors. TGF-β induces upregulation of FGFR-1 and FGF-2 in human lung fibroblasts \[[@C58]\] and an immediate release of FGF-2 from primary lung fibroblasts \[[@C59]\]. TGF-β-induced proliferation of pulmonary interstitial fibroblasts is blocked by an anti-FGF-2 antibody \[[@C59]\].

A role for FGF/FGFR signalling in animal models of lung fibrosis has also been shown. FGFR-1 is not detected in the lungs of healthy rats, but is strongly upregulated in a model of diffuse pulmonary fibrosis induced by paraquat plus hyperoxia \[[@C60]\]. *In vivo,* abrogation of FGF signalling reduced pulmonary fibrosis and improved survival in bleomycin-treated mice \[[@C61]\]. Taken together, the data suggest a prominent role of the FGF/FGFR signalling pathway in pulmonary fibrotic diseases.

VEGF/VEGFR signalling in pulmonary fibrosis {#s5}
===========================================

The vascular endothelial growth factor (VEGF) family consists of the structurally homologous secreted glycoproteins VEGF-A, B, C and D, and the placental growth factor \[[@C62]\]. VEGF-A and B play a key role in the regulation of blood vessel growth, while VEGF-C and D mainly regulate lymphangiogenesis \[[@C63]\]. The best characterised member of the VEGF family is VEGF-A \[[@C62]\]. The members of the VEGF family bind to the three VEGF receptors: VEGFR-1, 2 and 3. The VEGFRs are structurally similar, with an extracellular region, a transmembrane helix and a cytoplasmic region \[[@C62]\]. Activation of VEGFR leads to autophosphorylation of the receptor and downstream activation of signalling pathways including Ras, phospholipase C-γ, focal adhesion kinase, p38 and PI3K ([fig. 1](#F1){ref-type="fig"}) \[[@C63]\]. The main sources of VEGF in the lungs are alveolar epithelial cells, bronchial epithelial cells, airway smooth muscle cells, fibroblasts, endothelial cells and alveolar macrophages \[[@C64], [@C65]\]. VEGF-A has also been shown to stimulate PDGFRs, thereby regulating mesenchymal cell migration and proliferation ([fig. 1](#F1){ref-type="fig"}) \[[@C66]\].

In patients with IPF, baseline plasma VEGF concentration was reported to be positively related to the fibrosis score on high-resolution computed tomography \[[@C67]\]. Furthermore, patients with IPF who developed progressive disease (≥10% decrease in FVC from baseline to month 6) had significantly higher plasma VEGF concentrations at baseline than non-progressors \[[@C67]\]. The 5-year survival rate tended to be worse in patients with high serum concentrations of VEGF compared with those with low concentrations \[[@C68]\]. In addition, serum VEGF levels appeared to predict deterioration of vital capacity in these patients. However, VEGF levels in the bronchoalveolar lavage fluid (BALF) are reported to be depressed in patients with IPF \[[@C23], [@C69], [@C70]\]. In a rat model of pulmonary fibrosis, VEGF expression was almost absent in fibrotic lesions, but strong in epithelial and endothelial cells \[[@C25]\]. Similarly, in patients with IPF, VEGF expression was low in fibroblasts and leukocytes in fibrotic lesions, but increased in capillary endothelial cells and alveolar type II epithelial cells in highly vascularised alveolar septa \[[@C22]\]. Experimental evidence in rats suggests that inhibition of VEGFR may reduce fibrosis \[[@C71]\] and that administration of VEGF aggravates the fibrogenic process \[[@C25]\]. However, VEGF was shown to have vasoprotective effects in the lung and to ameliorate pulmonary hypertension as a comorbidity of IPF \[[@C24], [@C25]\]. Thus, the precise role of VEGF/VEGFR signalling in IPF is controversial and remains to be further explored.

Nintedanib is a potent inhibitor of the receptor tyrosine kinases PDGFR, FGFR and VEGFR {#s6}
=======================================================================================

Nintedanib is an indolinone derivative that was derived from a chemical lead optimisation programme designed for receptor tyrosine kinase inhibitors (Patent application WO2001027081, example 473). Nintedanib was originally designed as an anti-angiogenic drug targeting the receptor tyrosine kinases VEGFR, FGFR and PDGFR for the treatment of cancer \[[@C72]\]. Nintedanib is in phase II or III clinical development for several cancer indications (clinicaltrials.gov identifier numbers: NCT00805194, NCT00806819 and NCT01015118).

Nintedanib blocks kinase activity by occupying the intracellular ATP-binding pocket of specific tyrosine kinases. The binding mode was explored for FGFR-1 and VEGFR-2 ([fig. 2](#F2){ref-type="fig"}, online supplementary material section A and fig. S1). Only subtle differences were found, which are discussed in online supplementary material section A. FIGURE 2Crystal structure of nintedanib bound to the active site of the fibroblast growth factor receptor-1 kinase domain. The inhibitor and residues that line the active site are shown in stick representation. Hydrogen bonds are depicted as yellow dots. Key residues are labelled.

The potency and selectivity of nintedanib were determined in enzymatic assays using human recombinant protein kinase domains \[[@C72]\]. Nintedanib is an inhibitor of the receptor tyrosine kinases PDGFR-α/β with half maximal inhibitory concentration (IC~50~) values of 59 and 65 nmol·L^−1^, respectively. Nintedanib inhibits FGFR-1, 2, 3 and 4 with IC~50~ values of 69, 37, 108 and 610 nmol·L^−1^, respectively, and VEGFR-1, 2 and 3 with IC~50~ values of 34, 21 and 13 nmol·L^−1^, respectively \[[@C72]\]. Nintedanib also inhibits FMS-like tyrosine kinase-3 (Flt-3) with an IC~50~ of 26 nmol·L^−1^ \[[@C72]\]. Flt-3 is expressed on the surface of many haematopoietic progenitor cells and plays an important role in haematopoiesis \[[@C73]\].

Nintedanib also inhibits non-receptor tyrosine kinases of the Src family with IC~50~ values of 156 nmol·L^−1^ for Src, 16 nmol·L^−1^ for Lck and 195 nmol·L^−1^ for Lyn \[[@C72]\]. Src is functionally involved in the control of a variety of cellular processes such as proliferation, differentiation, motility and adhesion. The Src family kinase inhibitor AZD0530 has been reported to exert anti-fibrotic effects in human lung fibroblasts and in bleomycin-induced lung fibrosis in mice \[[@C74]\]. Lck is functionally required for T-cell activation through the T-cell antigen receptor \[[@C75]\] and possibly required for T-cell survival \[[@C76]\]. Lyn is both positively and negatively involved in B-cell antigen receptor signalling, playing a role both in the initiation of the B-cell antigen receptor signal and in B-cell proliferation \[[@C77]\].

Nintedanib interferes with essential fibrotic processes in a variety of *in vitro* assays and *in vivo* models {#s7}
==============================================================================================================

Effects on fibroblast proliferation and migration {#s7a}
-------------------------------------------------

The inhibitory activity of nintedanib was confirmed at the cellular level in primary human lung fibroblasts from patients with IPF (IPF-HLF) and from control donors (N-HLF). Nintedanib inhibited PDGF-BB-stimulated PDGFRα and β autophosphorylation in N-HLF with IC~50~ values of 22 and 39 nmol·L^−1^, respectively, and PDGF-BB-stimulated proliferation in the same set of experiments with an IC~50~ of 64 nmol·L^−1^ ([fig. 3](#F3){ref-type="fig"}a) \[[@C78]\]. In IPF-HLF, PDGF-BB, FGF-2 and VEGF caused a significant pro-proliferative effect that was significantly reversed by nintedanib. In N-HLF, even lower concentrations of nintedanib significantly antagonised the growth factor-induced pro-proliferative effect. IPF-HLF demonstrated a stronger migratory response to all three growth factors compared to N-HLF. Growth factor-induced cell proliferation was significantly antagonised by nintedanib in both IPF-HLF and N-HLF \[[@C79]\]. In time lapse microscopy studies, nintedanib inhibited PDGF- and FGF-stimulated fibroblast motility in a concentration-dependent manner. Nintedanib attenuated PDGF-stimulated motility of IPF-HLF and N-HLF with IC~50~ values of 28 and 19 nmol·L^−1^ and FGF-stimulated motility with IC~50~ values of 226 and 86 nmol·L^−1^, respectively ([fig. 3](#F3){ref-type="fig"}b). FIGURE 3a) Nintedanib inhibits platelet-derived growth factor (PDGF)-BB-stimulated platelet-derived growth factor receptor (PDGFR)-α and β autophosphorylation and proliferation of primary human lung fibroblasts (HLFs). HLFs were incubated with nintedanib at different concentrations and stimulated with PDGF-BB (50 ng·mL^−1^). PDGFR-α and β phosphorylation was determined by an ELISA specific for the phosphorylated receptors. Proliferation was determined by bromodeoxyuridine incorporation. Concentration-dependent inhibition data are presented as mean±[sem]{.smallcaps} (n=3 experiments). Reproduced from \[[@C78]\] with permission from the publisher. b) Nintedanib inhibits basic fibroblast growth factor (FGF) and PDGF-BB-stimulated motility of primary HLF from patients with idiopathic pulmonary fibrosis (IPF-HLF) and without IPF (N-HLF). Human lung fibroblasts were incubated with nintedanib at different concentrations for 30 min before the cells were stimulated with basic FGF (20 ng·mL^−1^) or PDGF-BB (50 ng·mL^−1^). Motility of the cells was determined by time lapse microscopy using a Cell-IQ imager (CM Technologies Oy, Tampere, Finland) and manual single cell tracking for 72 h. Mean cell velocity was calculated from three experiments. Inhibition is presented as mean±[sem]{.smallcaps}.

Effects on EMT {#s7b}
--------------

Although epithelial cells are able to differentiate into mesenchymal cells \[[@C80]\], the importance of EMT in patients at the time of diagnosis and during further progression of IPF remains controversial \[[@C81]\]. Nintedanib at concentrations of ≥300 nmol·L^−1^ did not change the morphology of primary alveolar type II epithelial cells derived from donors without IPF and showed no inhibitory activity on the TGF-β-induced (2 ng·mL^−1^) EMT (online supplementary material section B).

Effects on fibroblast to myofibroblast transformation {#s7c}
-----------------------------------------------------

Nintedanib inhibited TGF-β-induced (10 ng·mL^−1^) fibroblast to myofibroblast transformation of primary human lung fibroblasts from IPF patients, as determined by α-smooth muscle actin mRNA expression as a marker for myofibroblast differentiation, with an estimated IC~50~ value of 144 nmol·L^−1^ \[[@C78]\].

Effects on ECM components {#s7d}
-------------------------

Nintedanib reduced TGF-β-stimulated collagen secretion and deposition by primary human lung fibroblasts from patients with IPF cultured for 48 h. Nintedanib also reduced secreted TIMP-2 levels \[[@C78]\] and induced the secretion of pro-matrix metalloproteinase (MMP)-2 \[[@C79]\]. Reduced TIMP-2 levels, together with increased pro-MMP-2, could contribute to the reduction in collagen. Inhibition of fibroblast/myofibroblast proliferation by nintedanib might also exert an indirect inhibitory effect on ECM secretion and deposition.

Effects on apoptosis {#s7e}
--------------------

In patients with IPF, lung fibroblasts/myofibroblasts are reported to have an elevated resistance to apoptotic stimulation preventing resolution of fibrosis \[[@C82]\]. Whether nintedanib is able to induce apoptosis in human lung fibroblasts is currently unknown. Nintedanib induced apoptosis in human umbilical vascular endothelial cells (HUVEC), human umbilical artery smooth muscle cells (HUASMC) and bovine retinal pericytes. Cleaved caspase-3 was used as an indicator for apoptosis. In a concentration-dependent manner, nintedanib induced apoptosis in HUVECs stimulated with VEGF or FGF-2, in HUASMCs stimulated with PDGF-BB or FGF-2, and in pericytes stimulated with PDGF-BB and FGF-2 \[[@C72]\].

Anti-angiogenic activity of nintedanib {#s7f}
--------------------------------------

The potential impact of anti-angiogenic activity in the treatment of IPF has been discussed in the literature, but not yet clarified \[[@C26]\]. Experimental evidence has validated that inhibition of VEGF, PDGF and FGF signalling pathways reduces tumour angiogenesis in the lung \[[@C83]\]. Nintedanib inhibited proliferation of three cell types contributing to angiogenesis in the lung: endothelial cells, pericytes and smooth muscle cells \[[@C72]\]. Nintedanib inhibited the proliferation of VEGF-stimulated HUVECs, PDGF-BB-stimulated HUASMCs and PDGF-BB-stimulated bovine retinal pericytes with IC~50~ values of 9, 69 and 79 nmol·L^−1^, respectively \[[@C72]\]. Furthermore, nintedanib reduced tumour microvessel density and demonstrated preclinical anti-angiogenic efficacy in an animal model of xenograft tumours in mice \[[@C72]\]. Taken together, the experimental evidence supports nintedanib having anti-angiogenic efficacy; however, whether this adds to its anti-fibrotic activity in IPF still needs to be elucidated.

Anti-fibrotic and anti-inflammatory activity in animal models of lung fibrosis {#s7g}
------------------------------------------------------------------------------

The *in vivo* efficacy of nintedanib was explored in three animal models of pulmonary fibrosis: bleomycin-induced lung fibrosis in mice and rats and silica-induced lung fibrosis in mice. The study settings and the treatment protocols are summarised in [table 1](#TB1){ref-type="table"} and the qualitative readouts are summarised in [table 2](#TB2){ref-type="table"}. TABLE 1Study settings and treatment protocols for the *in vivo* experiments in rats and mice**StudyBleomycin-induced lung fibrosisSilica-induced lung fibrosisRatMouseMousePosology**Once daily, oralOnce daily, oralOnce daily, oral**Model**PreventiveTherapeuticPreventiveTherapeuticPreventiveTherapeutic**Dose mg·kg^−1^**10, 30, 505030, 6030, 6030, 10030, 100**Study duration days**212114213030**Compound administration days**0--2110--210--147--210--3010--30, 20--30 TABLE 2Qualitative summary of the *in vivo* efficacy of nintedanib in animal models of lung fibrosis**Bleomycin-induced lung fibrosisSilica-induced lung fibrosisRatMouseMouseModel**PreventiveTherapeuticPreventiveTherapeuticPreventiveTherapeutic^\#^**Histology** Fibrosis↓↓↓↓↓↓ InflammationNDND↓↓↓↓ GranulomaNDNDNDND↓↓**Lung tissue** TGF-β mRNA↓↓NDNDNDND Procollagen-1 mRNA↓↓NDNDNDND Total collagenNDND--↓↓↓ IL-1βNDND↓↓↓↓ IL-6NDNDNDNDND↓ CXCL1/KCNDND----↓↓ TIMP-1NDND↓↓↓↓**BALF** Total cellsNDND-------- MacrophagesNDND-------- NeutrophilsNDNDNDND↓↓ LymphocytesNDND↓↓↓↓[^1]

Briefly, PDGF-induced PDGFR phosphorylation as a receptor activation marker was determined by Western blotting of homogenates from mouse lung tissue. Animals were treated with nintedanib at different doses before receiving a single intratracheal dose of PDGF. The inhibitory activity of nintedanib on PDGFR phosphorylation was used to establish a pharmacokinetic/pharmacodynamic correlation for nintedanib in mice. The experiments confirmed the effective dose in mice to be in the range of 30--100 mg·kg^−1^ \[[@C78]\].

Effect on bleomycin-induced lung fibrosis in rats {#s7h}
-------------------------------------------------

Nintedanib administered orally, once daily in a preventive treatment regimen starting at day 1 after intratracheal instillation of bleomycin inhibited lung fibrosis in the rat (online supplementary material section C). In a dose--dependent manner, nintedanib resulted in only minimal inhibition, partial inhibition and nearly complete inhibition of fibrotic changes in the lung at doses of 10, 30 and 50 mg·kg^−1^, respectively. mRNA expression of fibrosis-related marker genes (TGF-β1 and procollagen 1) was partially inhibited at 10 mg·kg^−1^. At 30 and 50 mg·kg^−1^ near complete inhibition was detected ([table 2](#TB2){ref-type="table"}). When nintedanib was administered in a therapeutic regimen starting at day 10, treatment with 50 mg·kg^−1^ also resulted in a near complete attenuation of fibrosis as assessed histologically (fig. S2) and by gene expression of profibrotic markers (fig. S3).

Effect on bleomycin-induced lung fibrosis in mice {#s7i}
-------------------------------------------------

Preventative administration of nintedanib reduced bleomycin-induced lung inflammation regardless of the dose. This was demonstrated by reduced lymphocyte counts in the BALF, diminished IL-1β levels and a diminished percentage of myeloid dendritic cells in lung tissue. Furthermore, it reduced TIMP-1 and total collagen levels in lung tissue, and the fibrotic score in histomorphometric analysis of the lungs. In the therapeutic regimen, significant inhibitory effects of nintedanib on inflammation and fibrosis were also demonstrated \[[@C78]\].

Effect on silica-induced lung fibrosis in mice {#s7j}
----------------------------------------------

Preventive administration of nintedanib once daily at 30 and 100 mg·kg^−1^ by gavage reduced neutrophils and lymphocytes, but had no effect on macrophage counts in the BALF. Nintedanib significantly reduced IL-1β, CXCL1/KC, TIMP-1 and total collagen in lung homogenates, and reduced lung inflammation, granuloma formation and fibrosis. Therapeutic administration starting at day 10 reduced neutrophils and lymphocytes in the BALF, total lung collagen and the fibrotic score in a comparable manner to preventive treatment. When treatment was started at day 20, only lymphocytes in the BALF were significantly reduced. The reductions of IL-1β, CXCL1/KC, TIMP-1, inflammatory score and granuloma score were smaller in the therapeutic regimen compared with the preventive regimen \[[@C78]\].

Clinical efficacy {#s8}
=================

The phase II, proof-of-concept TOMORROW study \[[@C84]\] suggested that 52 weeks of treatment with nintedanib 150 mg twice daily in patients with IPF was associated with reductions in FVC decline and exacerbations, as well as preservation of health-related quality of life. Two phase III international, placebo-controlled, double-blind clinical studies with identical design (INPULSIS®-1 and INPULSIS®-2) investigated the efficacy and safety of nintedanib in patients with IPF \[[@C2], [@C3]\]. In total, 1066 patients from 24 countries were randomised three to two to receive nintedanib 150 mg twice daily or placebo for 52 weeks, followed by a 4-week follow-up period. The primary end-point was the annual rate of decline in FVC (in mL·year^−1^). Key secondary end-points were time to first acute exacerbation and change from baseline in the St George\'s Respiratory Questionnaire (SGRQ) total score over 52 weeks. Nintedanib consistently slowed disease progression by reducing the rate of decline in FVC compared with placebo. In INPULSIS®-1, the adjusted rate of decline in FVC was 114.7 mL·year^−1^ in the nintedanib group and 239.9 mL·year^−1^ in the placebo group, resulting in a difference between groups of 125.3 mL·year^−1^ (p\<0.0001). In INPULSIS®-2, the adjusted rate of decline in FVC was 113.6 mL·year^−1^ in the nintedanib group and 207.3 mL·year^−1^ in the placebo group, resulting in a difference between groups of 93.7 mL·year^−1^ (p=0.0002). The robustness and consistency of these results were confirmed by various sensitivity analyses, as well as additional FVC outcomes. In addition, the treatment effect on the primary outcome was consistent across a number of pre-specified subgroup analyses based on pooled data from the two INPULSIS® trials, which found a consistent treatment effect in subgroups defined by sex, age (\<65 or ≥65 years), race (White or Asian), baseline FVC % predicted (≤70% or \>70%), baseline SGRQ total score (≤40 or \>40), smoking status (1) never-smoker or 2) current/ex-smoker), corticosteroids for systemic use at baseline (yes or no), and bronchodilator use at baseline (yes or no) \[[@C85]\]. The difference in mean change from baseline in SGRQ total score at week 52 was −2.69 points (p\<0.02) in INPULSIS®-2 and −0.05 points (p=0.97) in INPULSIS®-1. The proportion of patients with at least one acute exacerbation over 52 weeks was lower in the nintedanib group (3.9%) compared with the placebo group (9.6%) in INPULSIS®-2, resulting in a hazard ratio (HR) of 0.38 (p=0.005), but no significant difference was observed in INPULSIS®-1 (HR 1.15; p=0.67). In a pre-specified sensitivity analysis of pooled data from the two trials on time to first confirmed or suspected exacerbation, as categorised by a blinded adjudication committee, there was a significantly reduced risk in patients treated with nintedanib *versus* placebo (HR 0.32; p=0.001). The most commonly reported adverse event in both nintedanib groups was diarrhoea, affecting ∼62% of patients (compared with 18% in the placebo groups). However, diarrhoea was mild or moderate in intensity in almost all cases and led to treatment discontinuation in fewer than 5% of patients treated with nintedanib.

Summary and conclusion {#s9}
======================

Nintedanib is an orally active small molecule tyrosine kinase inhibitor that has been evaluated in large clinical trials for the treatment of IPF, a fatal disease in which the uncontrolled proliferation of lung fibroblasts and deposition of ECM by myofibroblasts leads to progressive loss of lung function. This review describes the potent inhibitory activity of nintedanib in several *in vitro* assays investigating mechanisms present in the pathology of lung fibrosis. The polypharmacology of nintedanib on the receptors for FGF, PDGF and VEGF, and on non-receptor kinases like Src results in a broad inhibitory activity on the downstream signalling cascades of fibroblasts and myofibroblasts and, potentially also on cells involved in angiogenesis in the lung ([fig. 1](#F1){ref-type="fig"}). Nintedanib exerted a potent inhibitory activity on the proliferation and migration of primary human lung fibroblasts ([fig. 4](#F4){ref-type="fig"}). Additionally, at higher concentrations, nintedanib attenuated fibroblast to myofibroblast transformation and ECM deposition ([fig. 4](#F4){ref-type="fig"}). Nintedanib acts primarily, but not exclusively, downstream of PDGF, FGF and VEGF, all of which are major growth factors in the pathogenesis of IPF. These cellular activities translated into consistent anti-fibrotic and anti-inflammatory activity in animal models of lung fibrosis, independent of the fibrosis-inducing stimulus. Taken together, these results provide a strong rationale for the clinical efficacy of nintedanib in IPF, which has recently been demonstrated in two replicate international phase III clinical trials. FIGURE 4Current understanding of the mode of action of nintedanib in fibrotic lung diseases. The scheme reflects ongoing processes in the pathology of idiopathic pulmonary fibrosis (IPF). As a result of epithelial damage, alveolar epithelial cells undergo apoptosis and epithelial type II cells transform into myofibroblasts (epithelial--mesenchymal transition (EMT)) to provide mesenchymal cells for the initial repair process. Residual lung fibroblasts in the interstitium start to proliferate and migrate to the site of injury. Excessive fibroblast proliferation, migration and transformation to myofibroblasts (fibroblast to myofibroblast transformation (FMT)), and synthesis and deposition of extracellular matrix (ECM) are hallmarks of the fibrotic pathology in IPF. Nintedanib (yellow molecules) interferes with fibroblast/myofibroblast proliferation, FMT and migration. By limiting the number of fibroblasts/myofibroblasts, the synthesis and deposition of ECM are reduced. Nintedanib was found to have no effect on EMT. The effects of nintedanib on fibrocytes and other structural cells of the lung need further exploration. The inhibitory activities of nintedanib are shown in yellow.
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[^1]: ↓: significant reduction (independent of dose used); --: no significant effect (independent of dose used); ND: not determined; TGF: transforming growth factor; IL: interleukin; TIMP: tissue inhibitors of metalloproteinase; BALF: bronchoalveolar lavage fluid. ^\#^: therapeutic treatment starting on day 10. Data from \[[@C78]\].
